We used the sequential stereopsis paradigm and apparatus described by Enright (Vision Research, 36, (1996) 307 -312). The observer's task was to set targets to equidistance in Experiments 1 -3, and to make them co-planar in Experiment 4. However, it is argued that in all experiments observers exploited a co-planarity setting strategy. Sequential stereopsis produced good performance throughout in terms of low disparity thresholds when head position was varied by rotations around three axes: vertical (azimuth condition); horizontal (elevation); and midline (tilt). It also produced good performance when the targets were shifted in position so that they both lay on one side of the median plane of the head. These results cannot be accounted for by Enright's isovergence hypothesis unless it is extended to incorporate other information about eye positions. Performance was better but not greatly so in control simultaneous stereopsis conditions, nor did it deteriorate much when the observer's view was restricted solely to the targets by removing visibility of the room in which the apparatus was located. Target settings were typically located on a concave arc centred on the median plane. This effect was quantitatively modelled using disparity correction for a relief task of co-planarity (Gårding, Porrill, Mayhew, & Frisby. Vision Research, 35 (1995) 703 -722). This modelling indicated over-estimations of c.10-20 cm in fixation distance for target distances in the range 71.5 -112.5 cm.
Introduction
We report a series of experiments using the apparatus introduced by Enright (1996) to explore a mechanism he dubbed sequential stereopsis. In this apparatus the observer views two finely textured flat target surfaces through two associated viewing ports. The task is to set one of them (the movable target, MT, see Fig. 1 ) to appear equidistant with the other whose position is fixed (FT) . Gaze shifts to and fro between the targets are required to do the task. This is because when the observer is fixating one target the other falls below spatial resolution threshold for the peripheral retinal locus on to which it projects. Hence at no stage can the textures of both MT and FT be simultaneously resolved by the visual system. The use of fine textures thus renders depth judgements based on relative disparities between the targets, as customarily conceived, impossible.
1 A role for conventional afterimages in providing an input for 'simultaneous disparity mechanisms' would appear to be ruled out. This is because when gaze is shifted from one target to the other, the texture of the new target operates as a blanking noise field of the kind often used in studies of iconic memory to prevent a role for afterimages.
This apparatus typically produces very good depth discriminations, approaching or as good as those obtained when simultaneous relative disparity information is available, as in a standard stereoacuity task. Enright (1996) used sandpaper and pepper-dot random dot patterns as fine textures. In a replication and extension of his study, Frisby, Catherall, Porrill, and Buckley (1997) used high pass filtered noise patterns to preclude the possibility of relative disparity information being available from the low spatial frequencies in Enright's stimuli being detectable in peripheral vision. They also confirmed that monocular viewing drastically lowered performance, from which it can be concluded that their experimental configuration was a true test of binocular vision.
Sequential stereopsis is a potentially important research area. Natural stereo vision relies on dynamic mechanisms involving active eye movements and yet laboratory studies frequently require strictly controlled fixation. Enright's paradigm offers the prospect of investigating dynamic stereo mechanisms with well-controlled studies that exclude simultaneously available disparities from different targets. Moreover, it does so in experiments using real objects rather than computer displays, thus avoiding the intrinsic cue conflicts engendered by the latter (Buckley & Frisby, 1993) . Enright (1996) argued that the mechanism supporting the excellent stereo thresholds found in his apparatus, and indeed in other studies of sequential stereopsis (Wright, 1951; Enright, 1991 ; see also Frisby et al, 1997) , was the capacity of the human visual system to make exquisitely accurate isovergent saccades between the targets. Eye movement recording evidence supporting this idea was reported in Enright (1991) . The equidistance apparatus used in that study was different but it also yielded low disparity thresholds and careful analyses of binocular video recordings taken during that equidistance task indicated that vergence was remarkably well 'locked' across saccades. The way this capacity could support the equidistance task in Fig. 1 can be illustrated by imagining that the observer begins by fixating FT and then shifts gaze to MT with an isovergent saccade. A mechanism then measures the absolute disparity of texture elements of MT with respect to the prevailing (iso)vergence position. This is done prior to vergence subsequently being adjusted as fixation on MT is completed. Given the maintenance of isovergence across the saccade, this absolute disparity measurement would in practice serve as a relative disparity measurement between the two targets sufficient to perform the equidistant setting task. For example, the observer could adjust the position of MT such that, when it is fixated with an isovergent saccade launched from FT, there is no absolute disparity when fixation first arrives on MT. The key difference from the relative disparity measurements available in 'normal' stereopsis, in which texture and/or object edge points from different objects are simultaneously visible, is that the disparity measurements held to support sequential stereopsis are collected over time, rather than during a single fixation. This is presumed to depend on sequential stereopsis exploiting knowledge of vergence position. For Enright's isovergence hypothesis about this particular task, that knowledge is held to be that no vergence change has occurred. Brenner and van Damme (1998) extended the study of sequential stereopsis to situations in which the observer is required to set MT not only to equidistance but to double or half the distance of FT. The targets were self-illuminated and seen in darkness. Their FT was a small square-shaped configuration marked out by four l.e.d.s and their MT was a dim stereogram of a small square dot displayed on a computer monitor. The observer could adjust the disparity of MT to change its apparent depth with respect to the reference FT. EOG eye movement recordings were used to detect saccades and to switch targets on and off as required to achieve the essential requirement for sequential stereopsis, namely that MT and FT were not visible at the same moment. (No precautions, it seems, were used against afterimages playing a role.) Brenner and van Damme reported equidistance settings of comparable accuracy to those in previous studies of sequential stereopsis. Settings were only slightly worse for the half and double distance settings of MT. Obviously, isovergence alone cannot be the mechanism supporting the latter tasks. They suggested that in their situation the visual system relied critically on knowledge of change in vergence to mediate the good performance. This was in addition to knowledge of the position of the eyes before the change. Their results Fig. 1 . Schematic plan view of the apparatus. A black card surround was used in Experiment 1 instead of curtains to shield all parts of the apparatus from the observer's view. The viewing ports in Experiment 1 were cut into 4mm plastic painted black (details in Frisby et al., 1997) whereas in Experiment 2 they were cut into thin aluminium sheet lined with felt to give a fuzzy border. Details in text.
suggested no special role for isovergence. Moreover, they reported search coil data showing that observers could make planned gaze shifts between MT and FT while doing the half and double distance tasks without being restricted to isovergence. About 70% of the necessary vergence change was accomplished during a planned saccade between FT and MT. Brenner and van Damme also noted that their data could not exclude the possibility that subsequent continuation in change of vergence after the saccade was part of the planned sequence. This study therefore casts doubt on the general applicability of Enright's isovergence explanation for sequential stereopsis, even if isovergence may play an especially helpful role in some circumstances, specifically the kind of equidistance tasks studied by Enright (but see also Section 6).
We regard Brenner and van Damme's experiments as demonstrating a generalised version of Enright's hypothesis for sequential stereopsis. This is that human vision is able to control vergence well across saccades, such that it can accurately program changes of fixation to terminate with any chosen difference in vergence angle (within reason), not just zero, and that it can exploit this knowledge. If this were so then targets could be positioned by the observer to generate zero absolute disparity at the end of a planned saccade for diverse fixation changes, not just isovergent ones. Some evidence on the capability of our visual system for accurate planned vergence saccades is encouraging for this hypothesis. According to several studies, the changes of vergence and version during fixation shift can be highly integrated, and they depend on the type of the task and saccade (Weber & Daroff, 1971; Enright, 1984 Enright, , 1992 Erkelens, Steinman, & Collewijn, 1989; Collewijn, Erkelens, & Steinman, 1997; van Leewen, Collewijn, & Erkelens, 1998) .
We report experiments whose motivation was in some respects similar to that of Brenner and van Damme, as we too wished to study sequential stereopsis in situations for which isovergence could not play a helpful role. We wanted to choose depth judgement tasks that were regarded both by our observers and ourselves as 'natural' visual tasks. Also, we wanted to use Enright's (1996) apparatus, because of its simplicity, our preference for avoiding stereograms, and its advantages in terms of controlling against conventional afterimages. These various considerations led us to begin by using an equidistance task similar to Enright's but with settings made under a range of different head and target positions (Experiments 1 and 2). However, introspections from observers suggested that their strategy for performing this task was in fact to make settings that appeared to them co-planar. This led us to use three targets rather than just two in a sequential stereopsis version of the classic apparent fronto-parallel plane task (Experiment 3). Finally, we used explicit co-planar instructions to set the targets to lie in both fronto-parallel and other planes (Experiment 4). The exact nature of our tasks will become evident as we describe the experiments and discuss the results.
Experiment 1: varying head position
The main purpose of this study was to reveal how well an equidistance sequential stereopsis task could be performed for a variety of head positions.
Methods

Participants
Two (NT -an author, and CC) were experienced with the sequential stereopsis task, another three (SF, CF, CW) were naive to psychophysical studies. Ages ranged between 20 and 29 years. Here and throughout, all observers had normal or corrected to normal vision and all scored at least 25 sec arc on the Titmus Randot stereotest.
Task and apparatus
Apparatus similar to that of Enright (1996) and Frisby et al. (1997) was used for the equidistance task illustrated in the Cartesian co-ordinate framework shown in the plan view drawn to scale in Figs. 1 and 2. (Fig. 2b -e also plot the data for two observers from some conditions of Experiment 2). The origin of this framework is the cyclopean eye (midpoint between the eyes). The x-axis is a line passing through the cyclopean eye parallel to the plane of the planar targets. In the baseline condition illustrated in Fig. 2a (head azimuth angle zero; cf. Enright, 1996 ) the inter-ocular axis was in the x-axis and the y-axis was in the median plane of the head. We define perpendicular distance as the shortest distance between a target and the x-axis, i.e. its y co-ordinate in our framework. Observers were instructed to make perpendicular equidistance settings in all conditions. We communicated to our observers what we meant by equidistance settings using this perpendicular distance definition. This was done during initial practice while explaining the simplest condition of zero head azimuth angle, using both written and oral instructions. Observers seemed able to grasp readily what was required of them. In this baseline condition, all three bases for their judgements discussed above (isovergence, cyclopean equidistance and perpendicular equidistance) would give the same outcome. Having done that, the experimental question was: could the observer maintain accurate perpendicular equidistant settings when asked to do so from a range of different head positions? Note also that in the baseline condition the task was equivalent to setting the targets to lie in an apparently fronto-parallel plane but this was not the case if head azimuth angle was not zero, as in Fig. 2b and c. The bold arrow shows head position (it lies in the median plane of the head). In Fig. 2a -e the MT-labelled arrow points to the position that MT should have been placed in to be perpendicularly equidistant with FT. Note that in our apparatus perpendicular equidistance is not in general the same thing as cyclopean equidistance. The latter is defined as equidistance from the cyclopean eye and is shown in Fig. 2 by the arc of filled diamond symbols.
The isovergence circle 2 applicable when fixation is on FT is shown in all figures with the circle of dots. 2 The isovergence circle is not the same geometrical construct as the Vieth -Muller (zero-disparity) circle because the optical centres of the eyes that determine the latter do not coincide with the eye rotation centres that determine the former. In practice, however, in our experimental configuration the two circles lie very closely to one another in the regions where the targets were positioned. A key feature of the apparatus and task was that only when the two targets were symmetrically placed either side of the median plane and viewed with zero head azimuth angle would equidistance be identical for the three criteria of perpendicular equidistance, cyclopean equidistance, and isovergence. This is the situation in the baseline condition (Fig. 2a) . It is the one studied by Enright (1996) , and Frisby et al. (1997) . For the head varying non-zero azimuth angles used in Experiment 1 (examples in Fig. 2b and c) , the criteria of perpendicular and cyclopean equidistance give the same locations. However, non-zero head azimuth angles shift the position of the isovergence circle radically. This geometric fact is why isovergence alone would be insufficient for making accurate perpendicular equidistance settings for non-zero head azimuth angles, at any rate for large angles.
The apparatus itself is shown schematically in Fig. 1 . In Experiment 1 both targets were mounted on optical benches arranged perpendicularly to the x-axis. The targets were always symmetrically placed 6°either side of the y-axis, so that the angle separating their centres was 12°. In Experiment 2, which was in part a replication of Experiment 1, this value was changed to 20°and for clarity this larger value is the one illustrated throughout in Fig. 2 . In this figure (and also on the abscissas of later graphs), eye gaze angles are shown to the targets in terms of head coordinates, i.e. with respect to the head midline (bold arrow). The mounting of the targets on the optical benches ensured that the plane of the targets was always parallel to the x-axis. MT could be moved along its optical bench by the observer turning a knob that engaged a rack-and-pinion linkage embedded in the supporting bench of MT's carriage. No useful cues to the position of the targets could be gained from the knob plus linkage, as shown by monocular control conditions described by Frisby et al. (1997) . Head position was varied around the cyclopean eye with the help of a specially constructed headrest fitted to the apparatus. This ensured maintenance of the chosen head position by means of a cupped chin-rest, a bite-bar, and a Velcro strap holding the head tightly against a fore-head rest. Head azimuth angles were in the range 930°(see abscissas of Fig. 3 ; clockwise rotations as seen from above were coded negative).
In control conditions, head positions were varied around axes other than the vertical one used for the head azimuth angles. These were (i) elevation/declination angles in the range 920°(rotations around a gravitational horizontal axis through the eye centres), and (ii) tilt angles in the range 915°(rotations around the midline). Unlike the non-zero head azimuth angle conditions, these control conditions preserved the symmetric localisation of the targets with respect to the median plane of the head. At the same time, by putting the observer's head in roughly similar positions to those of the head azimuth conditions in terms of 'general awkwardness', these controls provided a useful baseline measure of the settings accuracy that could be expected for non-zero head azimuth angle conditions.
The experiment was conducted in a normally illuminated room, so that simultaneous relative disparities were available from surrounding objects in the room and from the visible parts of the apparatus. Being able to see the room may have helped the observers grasp what was meant by perpendicular equidistance (see Section 6).
Stimuli and procedure
A high-pass filtered (16 cyc/deg cut-off) texture was used for both targets. This was the texture used by Frisby et al. (1997) who concluded that it ensured that the texture elements of the non-fixated texture fell below resolution threshold for the target separations in use. It thus satisfied the basic requisite for sequential stereopsis. The left target (FT) was held fixed in each trial but its position in depth was varied over trials to avoid observers learning cues possibly associated with a single position. The distances from the x-axis ( Fig. 1) to the apertures through which FT and MT could be seen were 40 and 40.4 cm, respectively. Each aperture was 40 mm horizontally× 28 mm vertically. Each was fixed in its position by being solidly mounted on the same optical bench as the target that it framed but of course MT's aperture did not move when the observer shifted the position of MT. Black cardboard and black curtains were used to hide all parts of the apparatus from the observer's view, so that the targets were seen as brightlylit patches of texture behind a black screen. Illumination from room lighting and from lamps mounted on the back of the aperture screen led to target luminances of c.18 cd/m 2 as measured with a Sekonic L-778 meter. Separate sessions, each lasting about 80 min and split into two halves by a break, were used for each of the three head rotation axes. The two experienced observers participated only in head azimuth varying conditions. The naive observers saw all conditions, in the same order: head azimuth, head elevation, head tilt. The importance of learning was checked by having two of the naive observers attend subsequent sessions on all three head rotation angles followed by a third and final session for the head azimuth angle conditions. A different random order of angles was used within each session for all observers. A block of six settings was required on each occasion a head angle was tested. The initial depth of the adjustable MT was positioned pseudo-randomly for each setting anywhere within 49-59 cm perpendicular distance from the observer, and at least 1 cm in front or behind FT. This was done while a shutter obscured both targets. The particular angles chosen are shown on the abscissas of the various data plots (Figs. 3 and 4) . The design required, for the two experienced observers, a total of 36 equidistance settings for each angle, arranged in six blocks of six. For these observers there were two blocks of six for each of three different positions of FT: 52.5, 55.0, or 57.5 cm. For the naive observers, the number of equidistant settings for each angle was reduced to 12. This was done to avoid session length becoming too onerous when the baseline condition was included in all sessions (this was not included for the experienced observers). The naive observers made two blocks of six settings, one block for each of two different fixed positions for FT chosen from a set of eight within the range 52.5-57.5 cm to give a mean value of 55 cm for all angles. Each naive observer had a different random set of FT positions for each angle.
Results
The setting error (in mm) was calculated as the mean difference in perpendicular distance between FT and MT on each trial. Account was also taken of the sign of the settings (positive was the code for MT being placed farther away than FT).
Mean results for the head azimuth angles are plotted in Fig. 3a for the practised observers (NT, CC) and in Fig. 3b for the first session of the naive observers (SF, CF, CW). The plots depart somewhat from horizontal. This effect though small is significant (for data pooled over all five observers: F 5,20 = 8.54, PB 0.001). The ANOVA excluded the zero angle data from the naive observers, as the practised ones did not see that condition. However, the effect of head angle was also significant when analysed separately for the three naive observers with their zero head azimuth angle data included (F 6,12 = 4.22, P B0.05). Fig. 3c and d show the effect of head azimuth angle on perceived equidistant settings for the two naive observers (SF, CW) who attended two additional repeat sessions. They then showed no significant effect of head angle, either as a main effect (F 1,6 = 1.28) or as an interaction with the repeated sessions factor (F 12,12 = 1.16). Disparity thresholds in sec arc were estimated as the standard deviation of each block of six settings (details in Frisby et al., 1997) . Means of these SDs were obtained for each head angle. All three types of variation in head position (azimuth, elevation/declination, tilt) produced similar mean thresholds, as shown in Fig. 5 . No head angle differences were significant (the largest F 6,12 was 2.19). The sizes of the disparity thresholds were very similar to those recorded by Frisby et al. (1997) for the same high SF textures (see dotted line in Fig. 5a ). We have not been able to find in the literature any studies on disparity thresholds as a function of head gaze angles. Hence, the finding that no decrements were observed (despite the considerable awkwardness of the larger angles) appears to be novel. Very similar disparity thresholds to those shown in Fig. 5 were found in all subsequent experiments and to save space they will be reported only when an interesting significant difference appeared between conditions.
To sum up, the main finding from Experiment 1 was that observers were able to place MT within 9 2 cm (9 4%) of the perpendicular equidistance of FT, regardless of head position. Disparity thresholds were good. We discuss the implications of these findings in conjunction with those from Experiment 2.
Experiment 2: varying head azimuth with fixed target positions, and varying target positions with fixed head azimuth
Experiment 2 was a replication of Experiment 1 but with a few changes to check on possible artefacts. It also explored new conditions in which head azimuth position was kept fixed at 0°while target positions were varied.
Methods
Participants
Two new observers, aged 19 and 21 years, participated in this study. VA had participated in psychophysical experiments before but not ones on sequential For the 0°head azimuth angle, the means are calculated for three observers because the experienced observers were not shown the 0°condition. The dashed line shows mean value of disparity threshold for the observers (N =3) in Frisby et al. (1997) . The error bars show 9 1 S.E. stereopsis. TE had no experience of psychophysical studies.
Task and apparatus
The apparatus used in Experiment 1 was adapted so that the optical benches extended radially in depth from a point lying directly below the cyclopean eye, as shown in Fig. 1 . This arrangement was chosen because it permitted the benches to be rotated conveniently around a point under the cyclopean eye, so that either or both targets could readily be located to one or other side of the median plane. This allowed Experiment 2 both to replicate the varying head/fixed target conditions used in Experiment 1 and also to investigate fixed head/varying target conditions. In the latter, the head was held fixed at zero azimuth angle while target positions were varied to asymmetrical positions by radial rotations. Examples are shown in Fig. 2d and e. As before, the isovergence circles are shown plotted through FT. Fig. 2d and e illustrate that for the target varying conditions the settings based on isovergence (the circle), perpendicular equidistance (the dotted line) and cyclopean equidistant (the arc) would now all be different.
The FT was always placed on the left-hand side in Experiment 2 in order to be able to compare the data straightforwardly with those from Experiment 1. We have no reason to think results would differ importantly if FT and MT were swapped in position. The plane of the apertures and the plane of the targets on the optical benches were parallel to the x-axis of our coordinate framework at all times. Target distances were set or measured in terms of their positions on the optical benches, and appropriate geometrical transformations used to achieve measures in terms of perpendicular distance or other distances as required.
Changes from Experiment 1 were as follows:
(1) Target-to-aperture distances were increased and made 6ariable o6er trials. In Experiment 1 the distance between each target and its viewing aperture was set to be 10 and 10.4 cm for FT and MT, respectively. This was in keeping with Enright (1996) and Frisby et al. (1997) . The question arises, however, as to whether this feature might have allowed observers to make reasonably good perpendicular equidistance matches simply by ensuring the two targets had similar aperture-totarget distances. There was no indication from introspections of observers that this was their strategy but they may have been unaware of using this potential cue. Consequently, Experiment 2 guarded against this possibility by setting one target-to-aperture distance to 209 1 cm and the other to 1591 cm. The larger target-to-aperture distance was randomly assigned at the start of each trial to either FT or MT. The marked difference in target-to-aperture distances, coupled with the 9 1 cm random variation in the positions of the apertures and with randomising whether FT or MT had the nearer aperture, were intended to make it extremely difficult for an observer to use target-to-aperture distance as a useful cue. When aperture distance was changed from trial to trial the black curtains fixed to them, which obscured the apparatus, moved also.
(2) The targets were mounted in display boxes that housed light bulbs that mo6ed with the targets. This was a precaution to ensure constant and even illumination as the targets were moved. Target luminance was again c. 18 cd/m 2 . (3) Viewing distance to FT was increased to 720 mm (6s. 520-570 mm). A side effect of the radial arrangement of the benches was that they brought the targets closer together for near distances, forcing the use of a larger baseline distance for FT (the target display boxes were about 20 cm wide).
(4) Aperture size was increased to 40×60 mm ( from 40×28 mm), and aperture borders were blurred by lining them with fuzzy black 6el6et.
(5) The high pass cut-off for the stimulus textures was 20 cyc/deg (6s. 16 cyc/deg). To check the influence of this factor, some conditions were repeated using textures with a cut-off of 16 cyc/deg. No appreciable differences were found.
(6) The angle separating the centres of FT and MT was increased to 20°( from 12°).
Procedure
Each observer attended three 1-h sessions. Each session contained an equal number of inter-mingled head azimuth angle varying and target varying conditions, with exact values shown on the abscissas of the data plots in Fig. 6 (examples illustrated in Fig. 2b -e) . All varying-target conditions were viewed with the head in the baseline condition (zero head azimuth angle) shown in Fig. 2a . Two blocks of six settings were collected for each angle. The general precautions used in Experiment 1 were used here and in all subsequent experiments (e.g. random orders of presentation and of starting positions of MT, instructions, training etc.).
Results
The results are plotted separately for the two observers in Fig. 6 , using the same scale for the ordinates as in Figs. 3 and 4 to facilitate comparisons with Experiment 1. Note that throughout, positi6e error shows that MT was set farther away than FT, negati6e error shows that MT was set to be nearer than FT. The two plots in each graph show the data from each block of six settings. Recollect that the arrangement in each block of aperture-to-target distances for FT and MT differed markedly (by 59 1 cm; see Section 3.1). Despite this, the data from each block were very similar.
The results from each subject were analysed separately. Both observers showed a significant effect of head/target angles on signed errors (smallest F 3,8 = 23.27, PB 0.001). These effects were most prominent in the target varying conditions for both observers (smallest F 3,8 = 11.03, PB 0.01 for the interactions evident in the differences between Fig. 6a and c, and Fig.  6b and d) .
Discussion
The much larger and more variable aperture-totarget distances used in Experiment 2 did not create any systematic effects on the results. This is shown by the similarity of the data from the two blocks of settings. It strongly suggests that observers were not making equidistance settings by choosing similar aperture-totarget distances.
For the head varying conditions, signed errors from perpendicular equidistance were generally larger than but qualitatively similar to those shown by some of the observers in Experiment 1. For example, the slope of the line in Fig. 6b shows positive errors on the left and negative errors on the right of FT, just as in Fig. 3a . The larger errors in Experiment 2 might have been caused by one or more of the several differences between it and Experiment 1, such as Experiment 2's larger angular separation between the targets, its greater viewing distance, etc (see Section 3.1).
To help interpret the plots shown in Fig. 6 , the dotted lines provide as landmarks the differences between perpendicular equidistance and points on the isovergence circles. The meaning of this pattern of signed errors in terms of the scene locations of MT settings is brought out by the plan views in Fig. 2b -e. These plot the positions of the mean settings in some of the conditions of Experiment 2 (see symbols labelled VA and TE). We draw attention to three main aspects of the data.
First, there was the expected large deviation of settings from the isovergence circles, as the experimental conditions were specifically configured to make isovergent locations a very poor basis for responding.
Second, settings of MT typically made the more eccentrically located of the two targets nearer to the observer. That is, signed errors from perpendicular equidistance typically revealed depth differences between MT and FT such that the two targets lay on a concave arc centred on the median plane of the head. Ordinates plot errors from perpendicular equidistance. The unfilled symbols show the errors in the observer's settings when the FT-to-aperture distance was larger than MT-to-aperture distance, vice versa for the filled symbols. The two dashed lines marked 20 and 16°s how the settings required of the MT for them to be isovergent with FT using the two different assumptions about fixation points on the targets (as in Fig. 3 ).
This generalisation also applied to the data from Experiment 1 for those observers showing a head azimuth angle effect. This concave arc aspect of some of the settings in both Experiments 1 and 2 will be returned to later when discussing Experiments 3 and 4.
Third, signed errors were larger for the target varying than for the head varying conditions (contrast Fig.  6a and b with Fig. 6c and d ). This may have been related to the fact that larger vergence shifts were required in the latter than in the former when changing fixation between FT and MT. The steeper isovergence lines in Fig. 6c and d than in Fig. 6a and b illustrate this, as they are based on fixations on FT.
This factor is also clearly evident in the plan views shown in Fig. 2 .
Observers' introspections, from both Experiments 1 and 2, suggested without prompting that they found it natural to perform the task by thinking of FT as lying in a plane and then adjusting MT so that it also lay in that plane. This amounted to observers having treated their job as a co-planarity task, rather than as the task of judging equal distances directly. The plausibility of this idea is enhanced by the fact that it was possible to recover slant information about the plane of FT despite it being seen through quite a small aperture (see footnote 1 and later). These considerations led to Experiments 3 and 4.
Experiment 3: the AFPP and sequential stereopsis
The classic co-planarity stereo task, one with a very long pedigree, is the task of setting several targets to lie in an apparently fronto-parallel plane (AFPP). If sequential stereopsis is a mechanism for measuring disparities that are used in much the same way as simultaneous disparities, then it would be expected that sequential stereopsis would yield AFPP data similar to those that have been classically reported. Therefore, the question addressed in Experiment 3 was: what is the shape of AFPP when studied using sequential stereopsis?
To do this, we used the baseline arrangement shown in Fig. 2a (head azimuth angle zero) but with a central FT and two flanking MTs, symmetrically located either side of FT. All three targets were visible throughout each trial. Apparatus restrictions deriving from the sizes of target illumination boxes precluded more than three targets being used on any given trial. Hence, on different trials, the eccentricities of the flanking MTs were either 20 or 30° (Fig. 7) . The strategy was to combine data from the 20 and 30°trials to plot a composite AFPP curve over the range 930°. The experiment had two parts. In the first, three observers made AFPP sequential stereopsis settings at three viewing distances. In the second, a further two observers made AFPP settings at two distances for both sequential and simultaneous stereopsis targets. The instructions were the same as in Experiment 2, i.e. to set MTs to be perpendicularly equidistant with FT using a series of to-andfro gaze shifts. The instructions did not refer to co-planarity as we wished settings to be made under the same circumstances as in Experiments 1 and 2.
Methods
Participants
The five naive observers were aged between 19 and 20 and they satisfied our usual criteria.
Apparatus
The apparatus used in Experiment 2 was adapted to present three targets at any one time. In the sequential stereopsis conditions each target was as described previously except that the sizes of the viewing apertures were increased with distance, so that they all projected the same size of 4× 6°. In the simultaneous conditions used in Experiment 3b, the apparatus was configured to be broadly similar to the classic horopter apparatus of Ogle (1950) and others. Thus in this case, the three targets were seen through a single wide aperture, of the same height as that used for sequential stereopsis conditions (height 6°for all distances of FT; width − 65°for the 30°target separation, and 45°for the 20°target separation).
The same kind of precautions introduced in Experiment 2 were used to control against target-to-aperture distances providing a useful cue in the sequential stereopsis conditions. In the simultaneous stereopsis conditions, we simulated these precautions by manipulating the positions of the curtains forming the upper and lower boundaries of the wide aperture. The upper curtain had large folds (amplitudes around 3-4 cm). The lower one was hung on a flexible plastic rod that could be bent so that the left and right sections of the curtain in front of the lateral MTs could be placed 5-6 cm farther or closer from the central section in front of FT.
Stimuli and procedure
The high pass filtered textures of the targets had a cut-off of 16 cyc/deg at all viewing distances. This was achieved by creating differently sized textures for each distance. The visible area of texture in terms of subtended angles was the same throughout. For the sequential stereopsis conditions this was done, as noted above, by varying the physical sizes of the apertures with distance so that they always projected 4× 6°. Of course, this inevitably meant that physically larger areas of texture were visible at the farther distances. The targets in the simultaneous conditions of Experiment 3b were strips of 16 cyc/deg high pass filtered textures whose edges yielded the simultaneous cues because they could be seen owing to the wide aperture. Their sizes at each distance corresponded to the size of the binocularly visible area of the targets used in the equivalent sequential stereopsis conditions. The edges of these targets had an irregular curved outline that roughly matched the contours of the fuzzy felt used to line the apertures in the sequential stereopsis conditions. The wide aperture enabled the edges of the targets to be visible against a texture-less white background screen (set behind the targets at about 70 and 30 cm for the 715 and 1125 mm FT distances, respectively). Thus these visible target edges carried simultaneous disparity cues, just as in the classical horopter apparatus used by Ogle (1950, p. 37 ). The main difference was that the targets were larger than Ogle's thin rods, they were textured, our window was not close to the eyes, and we controlled for possible target-to-window cues to relative distance. The observer's task was to set the two flanking MTs to be equidistant with the central FT, so that all three lay in the AFPP. Observers could set the MTs in any order they chose and they could revise their left and right settings as they worked at the task of making all three appear equidistant. Six pairs of MT settings were collected before the aperture-to-target distance was changed, thus generating a block of six settings for each MT, as in previous experiments. Two blocks of six were collected, one for each of two aperture-to-target dis- tances. The means of the 12 measures are plotted in the AFPP graphs in Fig. 7 . The standard deviations of the 12 measures were used as estimates of disparity thresholds.
In Experiment 3a, only sequential stereopsis settings were collected, from three observers and for three distances of FT, 715, 905 and 1120 mm. Each observer attended three 1-h sessions, in the order of increasing distance of FT. This order was chosen so that they had practice of what seemed to be the easier near-distance tasks first. Each session contained an equal number of the two target eccentricities ( 920°, 9 30°), with usual randomisation precautions against order effects.
In Experiment 3b, AFPP settings were collected using the same general procedures but with both sequential and simultaneous stereopsis measured in the same apparatus. In each case, two FT viewing distances were used, 715 and 1120 mm. Each observer attended four 1-h sessions in the order of increasing FT distance, two sessions for each distance. These two sessions were divided into four parts of intermingled simultaneous and sequential stereopsis trials.
Results
(i) The three graphs in Fig. 7a show 'plan view' plots of settings of MT in Experiment 3a. Hence they show AFPPs measured using sequential stereopsis for three viewing distances. Plots for the three observers are shown superimposed in each graph. The straight dotted line passing through FT corresponds to the objective fronto-parallel plane (OFPP). The solid curves are the isovergence circles, and the dotted curves correspond to the cyclopean equidistance circles (both shown as ellipses due to the scaling factor used). The AFPP settings can be seen, for all observers, to fall some way from the OFPP, particularly for the 930°conditions, so that the AFPPs were in fact concave arcs. This target angle effect was significant (group analysis: F 3,6 =12.62, PB 0.05; note that in these and other analyses, only settings between MT target positions could be compared as there were no settings made at the 0°target position at which FT was located). There were no significant effects of distance, either as a main effect or as an interaction with target angle (largest F 6,12 = 1.3).
(ii) Fig. 7b shows, using the same conventions, the equivalent AFPP data from Experiment 3b, but now separate graphs are used for each of the two observers and the plots for sequential and simultaneous stereopsis are superimposed to facilitate comparison. Separate analyses were run for each observer. For both TF and SS, the target angle effect was significant (smallest F 3,16 = 3.86, PB0.05). For TF, but not for SS, the 1120 mm distance conditions produced somewhat larger signed errors (F 1,16 =11.95, P B 0.01). No other factors or interactions were significant for either observer (largest F 1,16 = 2.19).
(iii) Disparity thresholds were generally similar in size to those in Experiments 1 and 2 and so are not reported in detail. The only point of interest was that for both observers in Experiment 3b disparity thresholds were significantly lower, by about 100 sec arc, for the simultaneous than for the sequential stereopsis conditions (smallest F 1,16 =8.95, P B 0.01). This is effect presumably derived from one or more of a number of possible benefits accruing to the simultaneous stereopsis conditions, such as activation of low spatial frequency tuned disparity detectors, or better control of eye movements from low spatial frequencies.
Discussion
AFPP settings under sequential stereopsis departed from the OFPP, showing the characteristic concave shape reported in classical AFPP studies of simultaneous stereopsis for the distances in question. This shape was also replicated for our own simultaneous stereopsis conditions in Experiment 3b. There was no indication of a reversal of curvature of the AFPP with increase in FT distance but this is not surprising. Apparatus limitations prevented us being able to explore the large distance of 6m for which a convex deviation has been reported (e.g. Ogle, 1950) . We will discuss the concave shape in detail after reporting Experiment 4.
Experiment 4: AFPP and slant plane settings in full and reduced cue conditions
Experiment 4 differed from Experiment 3 by (i) using explicit co-planarity instructions, (ii) comparing AFPP settings with settings made in other planes to check whether the AFPP is 'special' in any way for sequential stereopsis, and (iii) investigating the possible role of being able to see the surrounding room while making settings. All measurements used the sequential stereopsis paradigm (no simultaneous stereopsis conditions).
Methods
The procedures followed those generally employed so far. There were four naive subjects from 18 to 20 years old. The same apparatus was used, with head azimuth angle set to zero. 'Full cue' conditions were those made in a normally illuminated room, as previously, so that simultaneous relative disparities were available from surrounding objects in the room and from the visible parts of the apparatus. No simultaneous disparities between the targets were available, the sequential stereopsis paradigm being used throughout. 'Reduced cue' conditions reduced to a minimum the availability of simultaneous relative disparities from the apparatus and surroundings in the room. Thus these settings were made in a completely dark room and the apparatus was masked with black curtains. Black cardboard tunnels behind the apertures reduced to insignificant levels unwanted reflected light from the targets emerging through the viewing apertures to illuminate the black curtains surrounding the apparatus. This was facilitated by reducing target luminance to c. 6.4 cd/m 2 . Addi- On the graphs with 9 15°slant planes, these angles are not physically correct because the x and y axes have different scales (as in Fig. 7 ). All other symbols are the same as in Fig. 7 .
tional black curtains under and above the observer's head obscured the surrounding room. These precautions meant that the only things the observer could see in the reduced cue conditions were the dim and individually illuminated targets through the apertures. The abilities of the observers to set the targets to be co-planar were studied for three slant angles of the textures comprising the targets. In the baseline condition, the slant angles of both FT and MT were set at 0°( defined as parallel to the x-axis of our co-ordinate framework) and the task was the familiar one of setting the two MTs to lie in an AFPP defined by FT. In the other non-AFPP conditions, the slants of all three targets were set to be either 15 or − 15°(clockwise rotations of the plane of the targets as seen from above were coded negative; Fig. 8 ). Written instructions were supplemented with oral explanations, as usual, but now with explicit references to co-planar settings being required.
Each observer participated in four sessions. Trials for the three slant plane conditions, in both full and reduced cue conditions, were distributed evenly across sessions, with the usual random order controls. A total of 24 blocks of six settings were made by each observer. The 12 blocks for each set of full/reduced cue conditions comprised four blocks for each of the three plane angles, two blocks for each MT, and one block for each aperture-to-target distance. The latter were varied as in previous experiments. Session lengths were shortened by: (a) only 20°eccentricity was used for the left and right MTs, and (b) only a single distance of 715 mm was used to the centre of FT.
Results
The mean settings of the four observers are shown in Fig. 8 . For brevity, group analyses will be reported: results for individual observers were similar.
(i) The planar settings fell into a concave shape for all three planes (F 1,3 =60.45, P B0.01: ANOVA on signed errors from the OFPP). No other factors were significant, nor were there any significant interactions (largest F 1,3 =2.99). Hence there was no evidence for any special mechanisms favouring settings to the AFPP, nor for different mean settings for the full versus reduced cue conditions.
(ii) Disparity thresholds were significantly lower, by about 25 sec arc, for the full cue than for the reduced cue conditions (F 1,3 =11.6, P B0.05). There were no other significant effects in the disparity threshold data (largest F 2,6 = 3.91).
The main result was that signed errors for the 15 and −15°slants were similar to those for the AFPP both in size and in their concave shape. Moreover, the precision of settings, as reflected in disparity thresholds, was similar in all cases. This latter point particularly is evidence that the AFPP has no 'special' status, at any rate for co-planarity settings.
General discussion
Summarising all four experiments, our main empirical conclusions are as follows: settings generally fell on a concave arc centred on the median plane of the head; sequential stereopsis produced good performance in terms of low disparity thresholds in head and target varying conditions; performance was somewhat better in simultaneous than in sequential stereopsis conditions; the observers' settings were similarly concave in fronto-parallel and non-fronto-parallel planes; and performance was slightly better in full than in reduced cue conditions. We now discuss the main features of these findings.
Conca6e settings
In seeking an explanation 3 for the concave shape of settings, observed in all four experiments, we begin by noting that concave AFPP settings reflect the fact that targets located in the OFPP would appear con6ex, hence a concave AFPP nulls off this effect. A convex perceived shape to targets in the OFPP would be expected if their horizontal disparity cues were interpreted with the distance to fixation calibration parameter d being over-estimated. This kind of interpretation has a long history, going back at least as far as Helmholtz. We have modelled our data using this approach within the theoretical framework of Gårding, Porrill, Mayhew, and Frisby (1995) who introduced a two stage scheme for calibrating horizontal disparities.
Gårding et al. called their first stage disparity correction. It uses information about d from various sources to 'correct' horizontal disparities for the effect of retinal eccentricity.
4 They showed how vertical disparities could be used for this purpose without needing to make the d parameter explicit. The corrected disparity data are sufficient to support depth judgements such as co-planarity, depth ordering, etc., which they referred to as relief tasks. For example, co-planarity is detectable simply by finding a constant gradient in the corrected disparities. We have modelled the concave shape of the data in Figs. 7 and 8 as a consequence of using a wrong estimate of d for disparity correction. Our various data sets are consistent with d values being over-estimated by c. 10-20 cm.
Gårding et al. called their second calibration stage disparity normalisation. It too uses d but to recover metric measurements, such as lengths and slant angles of scene elements. Hence the key distinction between stages one and two is that whereas the first operates within (corrected) disparity space, which is sufficient for a class of relief properties, the second deals in metric quantities. Numerous attempts have been made to use disparity normalisation (often called depth scaling) to model systematic errors in depth judgement data (e.g. Foley, 1980; Johnston, 1991; Rogers & Bradshaw, 1995; van Damme & Brenner, 1997; Duke, Frisby, Buckley, & Porrill, 1998) . For the case of modelling the present co-planarity data, both schemes in fact give the same answer but this is not in general true. Disparity normalisation usually creates much bigger effects than disparity correction (Frisby et al., 1999) .
The fact that our concave arc data can be interpreted in terms of depth over-estimation is in interesting and curious conflict with our data for a different depth judgement task performed at a roughly similar viewing distance. Thus Duke et al. (1998) found that one component of the errors found for the task of setting a probe to appear as a normal to a plane surface could be interpreted as depth under-estimation. This conflict could be viewed as casting doubt on whether one or other task is correctly modelled in terms of d mis-estimation. However, Duke et al.'s task was a metric one, which they therefore modelled using disparity normalisation. The conflict could thus reflect the use by the human visual system of different d parameters for stages one and two, i.e. different parameters for relief and metric representations. This is a possibility raised by Gårding et al. (1995) : see their Fig. 13 which summarises their review of the likely strengths of different sources of information about calibration parameters used in stages one and two.
Various considerations arise if we are right in supposing that depth calibration mechanisms created the concave arc settings for both the sequential and the simultaneous stereopsis conditions. The first and most obvious is whether simultaneous and sequential disparities feed into a common set of processes for disparity calibration purposes. Close coupling would convey advantages in terms of consistent integration with extraretinal cues regarding eye positions, but perhaps quite separate processes are involved in the two cases. We are inclined to think in terms of a common mechanism, as there are no indications in our data of important differences between the data obtained from the two types of stereopsis.
The calibration mechanisms, whether common or not, would have to be applied, at any rate in the case of sequential stereopsis, to disparities collected over time using accurate information about vergence and vergence changes. We noted earlier Brenner and van Damme's (1998) suggestion that sequential stereopsis for their task implied the use of accurate knowledge about changes in vergence in comparing disparity values measured at different fixation positions. Applying this kind of reasoning to our co-planarity tasks, local relief representations would be established for each target separately. Then to integrate these in order to perform the co-planarity task, information on vergence changes would be used to make appropriate adjustments for the different coordinate frames in operation when fixation is held on each target. This interpretation suggests quite complex mechanisms involving some form of visual short-term memory (for a discussion of a similar kind of memory across eye movements, see Carlson-Radvansky & Irwin, 1995; Irwin, 1996) .
Reference has just been made to relief representations obtained for each target separately. Is it plausible to suppose that these were in fact created? First, introspections from observers indicated that they were able to recover some form of slant information from each target separately even though we cannot be precise about what exactly that amounted to. Second, the co-planarity task for the 9 15°angles in Experiment 4 could not have been done at all unless (at least) a relief representation could have been established from each target separately viewed. To see this, consider replacing the three targets with point sources. The 9 15°tasks would then be undefined -any plane would then suffice for co-planarity settings. The AFPP task is different because of the special attribute of the FPP, the fact that it lies parallel to the interocular axis.
This raises the question as to what information could be used to recover a relief representation for each target. Gårding et al. (1995) and Frisby et al. (1999) draw attention to evidence suggesting that disparity correction may be driven mainly by vertical disparity information. Given the small size of the targets (4×6°) and their position close to the horizontal plane through the cyclopean eye, vertical disparities would have been small. They would not however have been too small to be discriminable. (We are thankful to Vicky Aranaz for checking this for us by successfully generating induced effects in RDS of size 4 × 6°.) Even so, perhaps the size of the co-planarity errors (c. 4-5 cm) could have been related to the weakness of the available vertical disparity information. This may have forced reliance, in the reduced cue conditions at any rate, on extra-retinal oculomotor cues. Of possible relevance here is Rogers and Bradshaw (1995) who found that for an FPP task oculomotor cues dominated vertical disparity cues for small fields of view. In the case of the full cue conditions, for which simultaneous vertical disparities were available from the room etc., disparity thresholds were slightly better, and this might have been due to them playing a role. On the other hand, the full cue conditions did not produce significantly different settings in terms of mean signed errors. This suggests that similar signed errors in the reduced and full cue conditions reflected both weak vertical disparity cues from the targets and equal reliance on extra-retinal information on d in the two cases.
Sequential 6ersus simultaneous stereopsis
Our general conclusion is that sequential stereopsis is a mechanism capable of yielding good scene structure, more or less on a par with what is achieved when simultaneous stereopsis cues are available. Given that stereopsis normally involves a dynamic series of eye movements, our experiments give no grounds for thinking of sequential stereopsis as a mechanism used only when circumstances prevent 'standard' simultaneous stereopsis. Rather, in keeping with Enright's general standpoint, we take the view that the sequential stereopsis paradigm reveals the existence of mechanisms able to integrate disparity-based information over sequences of fixations. In our studies, we suggest these mechanisms integrated local relief measurements. And again like Enright, we believe that these mechanisms are fundamental to 'normal' stereopsis even when simultaneous disparities are available. Our data support this general framework as in all cases the restrictions imposed by the viewing apertures caused remarkably little impairment.
A special role for iso6ergence?
Our data also indicate, in keeping with the conclusions of Brenner and van Damme (1998) , that sequential stereopsis cannot always be explained in terms of exploiting only isovergence. Many of our experimental conditions were chosen precisely to preclude any benefit from isovergence alone and yet performance was hardly impaired. This suggests to us the use of knowledge about both the vergence and version attributes of planned saccades between the targets. We were unable to record eye movements, not having equipment with the requisite accuracy. We presume such recordings would have revealed much the same picture as those in Brenner and van Damme (1998) , that is, planned saccades between the targets with a substantial vergence component. This seems a reasonable assumption in the light of their data.
However, a referee has noted that encoding disparity of the newly fixated stimulus at the end of an isovergent saccade could be of value if information was also available about gaze angle to compute the post saccadic disparity required to do the task. We are unable to test this hypothesis because we do not have available the required high-resolution eye movement measuring equipment. We note however that Brenner and van Damme did not find isovergence used in this way for their half and double distance tasks, which also could not be performed solely on the basis of isovergence.
On the other hand, Enright introduced his isovergence hypothesis on the basis of careful studies of eye positions across saccades (Enright, 1991) and it is not our intention to suggest that they are never used. For example, his eye movement recording evidence clearly supports the idea that they played a role in his own experimental configuration (cf. our baseline condition, Fig. 2a) . Also, the same referee has suggested that isovergent saccades might have a valuable role, particularly if used in conjunction with information on gaze angle, when an observer is scanning ab initio an unknown scene to recover its spatial structure. Later eye movement patterns as the scene becomes familiar might exploit the efficiencies conveyed by planned non-isovergence saccades. Again, resolution of this interesting issue requires appropriate eye movement monitoring equipment.
A role for allocentric scene repesentations?
Assuming that observers did execute planned vergence saccades, the question arises: how did they know where to look? It seems likely that training on the baseline condition would have led them to develop a spatial representation of the room within which the plane of perpendicular equidistance would be located. They were presumably assisted in the development and maintenance of this construct by the normal room lighting, which enabled them throughout the experimental session to locate the apparatus as a whole within the spatial framework defined by the room's walls. It is also reasonable to assume that they got help in acquiring the concept of a plane of perpendicular equidistance from the fact that this plane was parallel to the edge of the table-top at which they sat. Also, this plane was parallel to two walls, and at right angles to the other two. Building on these considerations, our overall speculations about the perceptual processes involved when our observers made their perpendicular equidistance and co-planarity settings are as follows.
One function of the visual system is to build up a representation of the spatial locations of objects in the visual world. This representation is allocentric, that is, the spatial frame on which it relies does not change with head and/or body movements (see Feldman, 1985 , for a discussion of environmental representations of this kind). We suggest that an allocentric representation was the critical basis for our depth-setting tasks. Various depth cues in the retinal images are used to build and maintain allocentric representations but in our experiments the observers were forced to rely on stereopsis. Each target-plus-viewing aperture provided a 'depth micro-world' providing both relative disparity cues within the binocularly visible area of the target and also between the aperture and target. These disparities would have needed appropriate allowance for the positions of the eyes in the head (Gårding et al., 1995) by way of using them to provide information that could contribute to the representations of objects in the scene. The necessary calibration information might have come both from extra-retinal information (knowledge of vergence position and vergence changes) and from vertical disparity cues. Knowledge of the position of the head with respect to the body would also be entailed. For judgements relating to a plane of perpendicular equidistance, other higher level information of value for building the allocentric representation on which we suggest observers based their settings would include knowledge about the nature of the experimental room and where the apparatus was positioned within it. The latter would have been acquired during training.
Viewed within this overall framework, sequential stereopsis is to be regarded as one mechanism contributing to the stream of information used for sustaining an allocentric scene representation. It operates, we believe, using knowledge of both the vergence and version components of planned saccades between fixations. Also, it must rely on some form of visual shortterm memory storing disparity information and/or information extracted from disparities. The kind of memory processes we have in mind are ones intimately linked to the dynamics and time courses of eye movements, and thus capable of supporting the extraction and use of 3D spatial information over sequences of fixations made while scanning an object or scene. Enright (1996) reported what he called a 'memory' condition in which observers were allowed a brief initial view of FT followed by its complete occlusion during adjustment of MT. This caused an order of magnitude deterioration in disparity thresholds. He drew the conclusion that memory of absolute distance over tens of seconds is a quite different matter from the processes involved in sequential stereopsis in which disparities are 'repeatedly compared over very brief intervals (B 100 ms) (p. 311)'. We agree with his general standpoint but we suggest that the comparisons involved do not, at any rate always, use 'raw' disparities but instead some higher-level constructs obtained from those disparities. In the present series of experiments, we propose these constructs were relief representations of co-planarity.
